Abstract: Surveys of allozyme polymorphisms in the carpet shell clam Ruditapes decussatus have revealed sharp genetic differentiation of populations. Analysis of population structure in this species has now been extended to include nuclear and mitochondrial genes. A partial sequence of a mitochondrial COI gene and of the internal transcribed spacer region (ITS-1) were used to study haplotype distribution, the pattern of gene flow, and population genetic structure of R. decussatus. The samples were collected from twelve populations from the eastern and western Mediterranean coasts of Tunisia, one from Concarneau and one from Thau. A total of twenty and twenty-one haplotypes were detected in the examined COI and ITS1 regions respectively. The study revealed higher levels of genetic diversity for ITS1 compared to COI. The analysis of haplotype frequency distribution and molecular variation indicated that the majority of the genetic variation was distributed within populations (93% and 86% for COI and ITS1 respectively). No significant differentiation was found among eastern and western groups on either side of the Siculo-Tunisian strait. However, distinct and significant clinal changes in haplotypes frequencies between eastern and western samples were found at the most frequent COI haplotype and at three out of five major ITS1 haplotypes. These results suggest the relative importance of historical processes and contemporary hydrodynamic features on the observed patterns of genetic structure.
Introduction
The carpet shell clam (Ruditapes decussatus L., 1758), is a commercially valuable bivalve mollusk and among the most common clam species found on the market for human consumption, widely distributed in the Mediterranean and its adjacent Atlantic waters from the North Sea to the coast of Senegal (Breber 1985) . In Tunisia, this species is distributed along the coastline except the Cap Bon and Gulf of Hammamet (Medhioub 1993) . According to fishery statistics (capture production) published by the Food and Agriculture Organisation of the United Nations (FAO 2006a) the world's nominal catches of "clams, cockles and arkshells" in 2006 was 738,845 tons. Moreover, World aquaculture production of this species group in 2006 was 4,310,488 tons (FAO 2006b ). Bivalve species have also important roles in ecosystems. As filter feeders, they form a significant link with primary producers (mainly phytoplankton and bacteria), and also act as calcium and carbon accumulators, which they use in their shell construction.
Studies on the genetic structure of wild populations aim at identifying the evolutionary events that have shaped the contemporary distribution of genetic variation within and among populations. In the Mediterranean Sea, the shared stocks of the clam R. decussatus represent important marine fishery resource exploited by all coastal countries. An increasing number of studies on marine bivalve genetic structure are available, especially concerning exploited species. Knowledge about population structure is among the most important questions to investigate. The resulting information can be critical both for the understanding of the biology of the species and for better management of their stocks. The development of molecular techniques that identify nucleotide-level DNA sequence polymorphisms among species has created a large source of genetic markers which can be used in phylogenetic and population studies. Compared to protein analysis techniques, analysis of DNA variation is rapidly becoming the method of choice because DNA is more thermostable than proteins and the higher probability of variation being neutral. DNA-based methods such as nucleotide sequence analysis, RAPD (random amplification of polymorphic DNA) and RFLP (restriction fragment length polymorphism) analysis are useful genetic techniques for population's studies. RAPD is a very fast method that can identify a large number of polymorphism, but its major drawback is the poor rec 2010 Institute of Zoology, Slovak Academy of Sciences producibility of the results obtained. PCR-RFLP analysis is simpler and less expensive than conventional DNA nucleotide sequence analysis and better suited for largescale genetic surveys requiring a large number of specimens. However, this technique detects differences in DNA sequences only when they are present at the specific recognition site of the corresponding endonuclease. In this work, we have chosen conventional sequencing of PCR products, a relatively costly approach but allowed us a detailed comparison of individual sequences.
It has been proposed that benthic marine species with pelagic larvae have population genetic variation reflecting the dispersal capacity of larvae. Most of them are thought to have little genetic structure. Considerable work has been conducted to test this hypothesis on many species, including scallops, oysters, mussels, gastropods, abalones, pearl oysters, ophiuroids, anostracans and many other invertebrates with planktonic larvae (Yuan et al. 2009 and references therein) .
Mitochondrial DNA sequences (including 16S rDNA and COI) were used for many of these studies. In the bivalve R. decussatus, this hypothesis has not been tested.
Since the 1980s, many papers have been published on the population genetic of the carpet shell clam R. decussatus. In all papers, allozyme variation was used to characterize genetic variation among natural populations covering its distribution area (Jarne et al. 1988; Borsa et al. 1994; Worms & Pasteur 1982; Borsa & Thiriot-Quiévreux 1990; Passamonti et al. 1997; Jordaens et al. 2000) .We believed that no studies which analysed DNA sequence information for comparing intraspecific phylogeography have been conducted on bivalve R. decussatus. Most of PCR-based methods for R. decussatus have focused on phylogenetic studies of the Ruditapes genus (Fernandez et al. 2000 (Fernandez et al. , 2001 (Fernandez et al. , 2002a Passamonti et al. 1998; Canapa et al. 1996 Canapa et al. , 2003 Kappner & Bieler 2006; Cordero et al. 2008) .
DNA-level markers could validate and better elucidate gene flow patterns based on allozyme data. The variations at the DNA level come from base alterations that may be found in both coding and non-coding regions of the genome. These variations are more encompassing than the changes covered by allozyme analysis, which are confined to coding regions of the genome.
The marine environment holds many peculiarities, which, in conjunction with other life history characteristics of marine organisms, hints at genetic differentiation within apparent panmictic populations. In fact, the marine environment shows much more heterogeneity owing to the influence of climate, hydrodynamics and topography on natural barriers, which affects dispersal (Cowen et al. 2000) . Genetic structuring is enhanced furthermore by certain biological traits, such as sex-dependent migration, which can counteract dispersal and gene flow. Hence, numerous marine species maintain a genetic structure despite a great potential for dispersal (Shaw et al. 1999; Maes & Volckaert 2002) .
Studies on several fishes, molluscs and crustaceans have suggested the importance of the Siculo-Tunisian (S-T) Strait in phylogeographical structuring of marine species. To explain the concordance of patterns of genetic differentiation observed in these marine species, a hypothesis has been proposed wherein eastern and western Mediterranean populations have been isolated due to sea level changes during glacial maxima and subsequently reconnected, possibly several times, in the past.
We recently revealed a certain genetic differentiation among R. decussatus populations collected from eleven localities in the eastern and western Mediterranean coasts of Tunisia, using allozyme electrophoresis as genetic markers (A. Gharbi et al., in litt.) . The aim of the present study was to establish the extend of gene flow and to approximate the detailed levels of genetic structure of R. decussatus populations, using nucleotide sequence analysis of the first subunit of the cytochrome c oxidase (COI) region of mitochondrial DNA (mtDNA) and the internal transcribed spacer region (ITS-1) between 5.8S and 18S ribosomal DNA genes. We believe this study represents the first survey of sequence variation at COI and ITS-1 among geographically distant populations of bivalve R. decussatus, at least in Tunisia scale.
Material and methods
Samples and DNA extraction Ruditapes decussatus samples were collected from eleven locations originating from coastal lagoon and marine sites in Tunisia (Fig. 1) . Samples from Concarneau (Brittany) and from Thau (French south) were included in this study to make comparisons between Mediterranean and Atlantic samples. Live specimens were shipped to the laboratory where they were maintained in aqua until labial palpes tissue was removed and preserved in 90% ethanol prior to DNA extraction and sequence analysis. All individuals, except the Thau and Elouamer specimens, were surveyed in a previous allozyme study. Total genomic DNA was isolated from approximately 20 mg labial palpes tissue using the CTAB DNA Extraction Protocol (Doyle & Doyle 1987) .
Gonadal tissues were specifically avoided to prevent comparisons of nonorthologous sequences due to the actual or potential presence of doubly uniparental inheritance of mtDNA in some bivalve taxa (Skibinski et al. 1994; Zouros et al. 1994) . DNA concentrations were spectrophotometrically estimated.
DNA sequence production COI A 561-bp fragment of the cytochrome c oxidase subunit I (COI) of mtDNA was amplified from genomic DNA using the PCR. The amplification primers, designed by (Folmer et al. 1994) , were: LCOI-490: 5' att-att-cag-acc-caa-tca-taaaga-tat-tgg. . .3' and HCOI-900: 5' tgt-agg-aat-agc-aat-aataaa-agt-tac 3'.
Amplification reactions were performed in 25 ml volumes containing pure Taq Ready-to-go PCR beads from Amersham Biosciences, 2 µl of DNA extract and 1 µl from each primer.
Amplifications were carried out on a Biometra TGRADIENT Thermal Cycler using these conditions: precycling denaturation at 94 • C for 10 min. The size and the quality of PCR products were visualised on 1.2% agarose gels (stained with ethidium bromide) and viewed under ultraviolet light. Amplified PCR products were purified with the wizard SV Gel and PCR Clean-Up System purification kit (promega) according to the manufacturer's instructions and directly sequenced using the Big Dye TM terminator cycle sequencing chemistry following the manufacturer's protocol. The sequences were recorded with an ABI Prism TM 310 automated sequencer.
ITS-1
The ITS regions are non coding regions in the rDNA repeat unit that are variable enough to detect intraspecific variation for populations genetic studies. The internal transcribed spacer region ITS-1 is flanked by the 18S rDNA and 5.8S rDNA gene. Sequence analysis was performed on 597 bp of ITS-1 gene amplified by the polymerase chain reaction (PCR). The primers were: SPI 5'-cacaccgcccgtcgctacta 3' and SP 3R 5'-tcgacscacgagccragtgatc-3'. PCR reaction components, thermal cycling conditions and amplicon purification were similar to that described for COI with the exception that the annealing temperature was 58
• C. As the ITS1 region, is repeated many times within an individual midge, these PCRs will contain the products of many different ITS repeats that are potentially heterogeneous. To verify heterogeneity, PCR products were cloned. Eight clones were examined per individual sample and plasmids from single colonies were purified and sequenced using forward and reverse primers.
Data analysis
All sequences were aligned using the multiple-alignment programme CLUSTAL W (Thompson et al. 1994 ) with adjustments made by eye, to determine the genotypes (haplotypes) of the COI and ITS1. When homologous sequences differed by one or more nucleotides, the sequences were considered as different haplotypes. Analyses were limited to reliably aligned regions from the data set and regions that could not be unambiguously aligned were excluded from analysis. The data sets for both COI and ITS1 genes were analysed independently. The alignment of COI sequences was confirmed by translating the aligned DNA sequences into amino acid.
Data analyses were performed using ARLEQUIN 3.0 (Excoffier et al. 2005) . Intrapopulation diversity was analysed by estimating gene diversity (h), the probability that two randomly chosen haplotypes are different, and nucleotide diversity (π), the probability that two randomly chosen homologous nucleotides are different (Tajima 1983; Nei 1987 ). The total number of nucleotide differences and percent sequence divergence values were calculated between each pair of haplotypes.
To test for the geographic structuring of collections, we calculated the pairwise genetic distances (FST) and their statistical significance by performing 10,000 permutations among the individuals between populations. We also performed a hierarchical analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) pooling the populations in western and eastern Mediterranean groups. This analysis provided the correlation of DNA haplotype diversity at different levels of hierarchical subdivision in the form of three variance components: between groups; within groups; and within localities. The test enabled us to determine changes in allocation of the components of variance, depending on different geographic grouping schemes. Relationships among observed haplotypes were inferred with network 4.5.1.0 (Fluxus Technology Ltd, at www.fluxusengineering.com) using the median-joining method (Bandelt et al. 1999) .
Clinal variation in haplotypes frequencies (i.e., monotonic changes in haplotype frequencies with distance) was investigated at each major haplotype. The significance of this pattern of variation was tested by correlation coefficients. Haplotypes frequencies were plotted to geographical distances, measured as the shortest coastal distance between all samples and the approximate centre of the SiculoTunisian Strait.
Results
The two DNA fragments could be amplified successfully from all R. decussatus specimens.
COI
Nucleotide sequences of 561 bp in length were obtained from the mitochondrial DNA cytochrome c oxidase subunit I (COI) gene for 170 Ruditapes decussatus specimens representing twelve geographical populations from Tunisia and two other populations from Thau and Concarneau.
The nucleotide composition of the COI sequences averaged 15% C. 37% T. 23% A and 23% G. Twenty putative haplotypes (H1-H20) resulting from 20 variable sites (including eighteen transitions and two transversions) were detected. The number of haplotypes per site ranged from 2 to 6. The frequency of H1 was higher than 70% in R. decussatus sample and was the only haplotypes shared by all populations while the majority of the other haplotypes (65%) were unique. The H5 was present, although with low frequencies, in five of the six The haplotypes differed from one another by 1-5 mutations, and had pairwise sequence divergence values ranging from 0.178 to 0.9%. This finding suggests that the mitochondrial genome in R. decussatus appears to evolve at a slow rate.
Within locality, genetic diversity was estimated in terms of haplotype diversity (H) and nucleotide diversity (π) ( Table 1 ). Both diversity indices were highest in Kerkennah followed by Thau. Of the 10 informative sites, two were at the first position of the codon and 8 were at the third. The high percentage of third position substitutions provides assurances that the region sequenced is not a nuclear pseudogene. Translation of codons into amino acids indicated that two of the mutations did not result in synonymous substitutions.
As shown in Table 2 , Fst values were generally low, suggesting small genetic differentiation between samples.
The hierarchical AMOVA analysis revealed that more than 90% of the variance was observed within the samples, and no significant variation could be attributed to variation between groups (Table 3) .
The parsimony network of the observed 20 haplotypes characterized by a star genealogy is shown in Fig. 2A with haplotype abundance in circle size. In the network, most frequent haplotype H1 was apparent with high frequency and wide geographical distribution, from which other infrequent haplotypes were radiated with a single substitution (except H8), suggesting that major haplotype was old enough to be considered a tool of population genetics.
Correlation between major haplotype (H1) frequency and geographical distances showed significant correlation (r = -0.65; P < 0.05) (Fig. 3) .
ITS-1
The total aligned data matrix for the R. decussatus species including indels was 597 base pair, and has been determined in 187 specimens.
Analysis of the cloned ITS1 PCR products showed an absence of intra-individual variation of ITS1. A comparison with GenBank database sequences indicated that the whole sequenced region corresponds to a partial sequence of the 18S subunit, and of the ITS 1 region, but all 597 nucleotides were considered in the analyses. Comparing all R. decussatus populations, 20 variable sites (3.3%) were identified. In addition to nucleotide substitutions, nine indels were observed. A total of 21 different haplotypes (H1-H21) was found among all samples. Only haplotype 2 (present in 33% of the individuals analysed) was shared among all populations.
The haplotypes differed from one another by 1-4 mutations (indels excluded), and had pairwise sequence divergence values ranging from 0.17 to 0.68 %.
Compared to COI, genetic diversity indices of ITS1 were high. The overall π-value was 0.0021 and the within population π values ranged from 0.0009 to 0.0056 (Table 1) . Haplotype diversity values ranged from 0.384 to 0.933 (Table 1) .
Pairwise F ST values were significantly different from zero (P < 0.05) in 35 (38%) of the 91 comparisons including all populations ( Table 2 ).
The median network of the observed 21 haplotypes characterized by a complex star genealogy is shown in Fig. 2B and has more than one dominant central haplotype.
Likewise to COI, the analysis of the partitioning of the haplotype diversity indicated that the majority (86.3%) of the genetic variation was distributed within population (Table 3) .
Regression analysis between most frequent haplotype frequencies and distance showed a clinal variation at three out of five of most common ITS1 haplotypes. H1 (r = -0.67; P < 0.05) and H7 (r = -0.71; P < 0.05) showed a significant decrease in frequencies on either side of the S-T strait, while H2 (r = 0.66; P < 0.05) displayed cline of opposite directions at both sides (increased in frequency with distance) (Fig. 3) . A cline was also detected at H6 but was not significant (data not shown). This result is concordant with the clinal variation observed for some isozyme loci (A. Gharbi et al., in litt.) .
Intraspecific DNA sequence variation in ribosomal DNA (ITS-1) and mitochondrial DNA (COI) regions among geographical populations of R. decussatus was relatively congruent. The continuity identified between northern and southern populations in the ITS-1 region was observed in the COI sequences.
Discussion
The present study was conducted to determine the phylogeographic structure among populations of the bivalve R. decussatus using the cytochrome c oxidase subunit I (COI) region of mtDNA and nuclear ribosomal DNA internal transcribed spacer region (ITS-1).
To our knowledge, this study represents the first effort to characterize genetic population structure in this species using DNA-based markers. The results demonstrate that DNA sequence polymorphism in the COI and ITS-1 regions were effective in the characterization of intraspecific phylogeographic structure among R. decussatus populations.
Estimates of genetic diversity recorded for ITS1 were higher than those for COI. This low polymorphism in COI sequences could be attributed to its haploid nature and maternal inheritance. However, ITS1 is a non-coding region and not submit to selection effect. Moreover, values of haplotype and nucleotide diversities of mtDNA are lower than those reported for other bivalves (Nikula & Vainola 2003; Cho et al. 2007; Katsares et al. 2008; Yuan et al. 2009 ). There are several possible explanations for such reduced genetic diversity, which could be a result of population life history traits or related to the current population size: The haplotype relationship network, obtained for COI is characterized by a star-shaped genealogy centered on one geographically widespread haplotype. This phylogenetic pattern is commonly interpreted as a signature of a recent population expansion following a population bottleneck (Slatkin & Hudson 1991) . A possible decline of population sizes caused by overexploitation can also explain the low genetic diversity. Also, methodological factors such as sample bias or sampling inadequacies may explain the low genetic variability of R. decussatus samples.
Molecular variance analysis (AMOVA) showed no differentiation among the pooled groups on either side of the Siculo-Tunisian strait. The same pattern of genetic structure was reported for other species in the same geographical region (Arcuelo et al. 2003; Zardoya et al. 2004) . In contrast, some genetic studies on other species showed that the Siculo-Tunisian (S-T) strait is an important genetic boundary between the eastern and western Mediterranean basins (Bahri-Sfar et al. 2000; Nikula & Vainola 2003; Arnaud-Haond et al. 2007; Zitari-Chatti et al. 2008) and have highlighted the importance of climatic fluctuations during later Pleistocene glacial period as an evolutionary force shaping population structure in this region.
The present genetic structure pattern obtained for mtDNA, appears at first sight, not coincident with the previously reported allozyme differentiation detected for R. decussatus populations. There are many exam-ples where nuclear and mitochondrial markers do not show the same pattern of genetic structure (Grosberg & Cunningham 2001) . In some cases this is because the nuclear markers, in particular many allozyme loci, are affected by selective pressures, whereas mitochondrial markers are apparently neutral and therefore better represent true patterns of gene flow. Another reason for differing patterns of genetic structure is that nuclear markers take longer to reach an equilibrium between drift and migration than mitochondrial markers (Neigel 1994) . For example, allozyme variation has sometimes been shown to reflect patterns that are not consistent with present day ocean currents, but may instead reflect past patterns of dispersal along ocean currents that are now non-existent (Benzie & Williams 1995 . Equally, nuclear genes, represented by allozymes, nuclear sequences and morphological differences, may still be showing some evidence of past historical barriers to dispersal which have not yet come to equilibrium with present-day gene flow. Thus, mitochondrial and nuclear genes might be expected to differ in their resolution of past and present gene flow because of differences in the rates at which they come to genetic equilibrium.
There is still only a limited number of broadscale (S-T) strait studies using both nuclear and mtDNA genes, but in some cases mitochondrial and nuclear variation show the same pattern of population structure. For instance in the anchovy Engraulis encrasicolus (L., 1758) and in the Penaeus keraturus (Forsskål, 1775), genetic differentiation was found using both allozymes and mtDNA sequences (Borsa 2002; Nikula & Vainola 2003; Zitari et al. 2008 Zitari et al. , 2009 ). This suggests that present day gene flow is still very low between two basins, possibly because of reduced population size resulting from overfishing.
Populations of the turbot on the other hand do not show the same pattern of genetic structure using nuclear and mitochondrial markers. Blanquer et al. (1992) studied allozyme variation at 17 loci in 10 samples from the Mediterranean to the Kattegat. No population structure was apparent. However, some differences have been found in mtDNA in turbot from the eastern and western Mediterranean (Suzuki et al. 2004 ).
The present genetic structure pattern obtained for mtDNA and ITS1 showed no differentiation among the pooled groups on either side of the Siculo-Tunisian strait. At first sight, these results could appear to be compatible with a genetic relatedness among localities. This resulted in the subsequent FST and AMOVA analysis (Tables 2, 3 ). The genetics of marine populations with pelagic larval development has often been characterized by low genetic differentiation among populations, a pattern driven by high dispersal capabilities and large scale oceanic mixing (Reichow & Smith 2001; Rivera et al. 2004) . However, in the shellfish complex, the existence of both the planktonic larval stage and the sessile adult stage makes it difficult to predict genetic population structure and level of gene flow.
Hierarchical AMOVA as well as pairwise F ST computations were based on haplotype frequencies. In the present study, populations of R. decussatus had many kinds of rare and unique haplotypes (65% and 76% of COI and ITS1 haplotype, respectively, were found only in one locality) suggesting geographic restriction in their distribution and a recent population expansion following a population bottleneck.
The important presence of unique haplotype might have major consequences on the population genetic structure and influence on genetic differentiation among populations.
Moreover, if we observe the distribution of rare and unique haplotypes on both sides of the Siculo-Tunisia strait, we note that they are characteristic of one or the other of the two basins. High frequencies of rare and unique haplotypes could then reflect the effects of a recent demographic expansion which would mask a real ancient and significant genetic differentiation displayed by the two basins.
Furthermore, in our present study, a significant clinal variation in one major haplotype frequency of mt DNA(H1) and at three out of five most frequent haplotypes frequencies of ITS1 (H1, H2 and H7) occurs between the eastern and western populations (Fig. 3) with a phylogeographic midpoint that coincide with S-T strait.
The most commonly proposed causes of clinal patterns in gene frequencies are selection across an environmental gradient (e.g., Koehn et al. 1980) , random genetic drift with isolation-by distance effects (e.g., Maes et al. 2002; Wirth & Bernatchez 2001) , and secondary contact and introgression between previously isolated and genetically divergent populations (e.g., Pérez-Losada et al. 1999 , 2002 . Although selection may at least partly explain patterns in genetic variation in several marine species in this area, it is unlikely that this factor can be proposed to account for the clinal patterns observed in the current study: the haplotypes clines are not associated with environmental gradients across the region sampled, moreover, there is little evidence for direct selection on mtDNA and likely for ITS1 which is a non coding region. Mantel test on the correlation between FST/(1 -FST) and geographical distance matrices was not significant (P > 0.05 for either of the markers), suggesting that the observed clinal haplotypes frequency is the result of the action of other factors.
Theoretical and experimental studies suggest that the interpretation of clinal variation is aided by historical considerations (Gallant et al. 1993; Quesada et al. 1995) . For instance, mitochondrial DNA analysis provides a historical perspective because it permits the construction of a phylogenetic tree of haplotypes. If this tree has a deep phylogenetic split, which separates haplotypes occurring at high frequency on either side of the cline, secondary contact is favored (Avise 1994) . The connection between the eastern and western Mediterranean Sea is known to have been closed in the region of the S-T Strait several times during glacial periods in the Pleistocene (Thiede 1978) sometimes associated with substantial environmental changes to the Mediter-ranean Sea. Although there is no evidence for the historical persistence of R. decussatus in either water body, it is conceivable that this species may have been subdivided into isolated populations during the most recent ice-ages.
The water circulation in the Siculo-Tunisian Strait is characterized by a unidirectional east-south-east flow of pelagic currents which go round Cape Bon and leave the coasts of Tunisia at the latitude of Kelibia, while eastern Mediterranean waters stay in the LybicoTunisian Gulf (Pinardi & Masetti 2000) . It is possible that the pattern of genetic variation observed in the carpet shell clam reflects present-day processes in that such currents could have permitted sufficient gene flow, at least in one direction from western to eastern region, preventing the accumulation of substantial genetic differentiation unless the hydrographic regime was ancient. Moreover, the Nm estimates (number of female migrants per generation for COI, Nm ≈ 7; and number of migrants for ITS1, Nm ≈ 2) among the R. decussatus samples largely exceed those generally considered sufficient to prevent subpopulation structuring (Slatkin & Barton 1989; Mills & Allendorf 1996) . These observations could be explained by the fact that the life cycle of R. decussatus (After spawning and external fertilization, developing larvae spend a variable period of time as part of the plankton, which can be passively drifted by water currents, often over considerable distances) should facilitate gene flow, it is therefore feasible that the present clinal gene frequencies between these areas result from secondary contact between both formerly separated group with a contact zone between the Gulf of Tunis and the Gulf of Hammamet.
